ABSTRACT: Secondary active transport of substrate across the cell membrane is crucial to many cellular and physiological processes. The crystal structure of one member of the secondary active transporter family, the sn-glycerol-3-phosphate (G3P) transporter (GlpT) of the inner membrane of Escherichia coli, suggests a mechanism for substrate translocation across the membrane that involves a rocker-switch-type movement of the protein. This rocker-switch mechanism makes two specific predictions with respect to kinetic behavior: the transport rate increases with the temperature, whereas the binding affinity of the transporter to a substrate is temperature-independent. In this work, we directly tested these two predictions by transport kinetics and substrate-binding experiments, integrating the data on this single system into a coherent set of observations. The transport kinetics of the physiologically relevant G3P-phosphate antiport reaction were characterized at different temperatures using both E. coli whole cells and GlpT reconstituted into proteoliposomes. Substrate-binding affinity of the transporter was measured using tryptophan fluorescence quenching in detergent solution. Indeed, the substrate transport velocity of GlpT increased dramatically with temperature. In contrast, neither the apparent Michaelis constant (K m ) nor the apparent substrate-binding dissociation constant (K d ) showed temperature dependence. Moreover, GlpT-catalyzed G3P translocation exhibited a completely linear Arrhenius function with an activation energy of 35.2 kJ mol -1 for the transporter reconstituted into proteoliposomes, suggesting that the substrate-loaded transporter is delicately poised between the inward-and outward-facing conformations. When these results are taken together, they are in agreement with a rocker-switch mechanism for GlpT.
Secondary active membrane transporter proteins use an electrochemical gradient generated across the membrane by primary active transport as the driving force for substrate translocation (1, 2) . Over 100 families of secondary active membrane transporters have been identified to date, the largest of which is the major facilitator superfamily (MFS), 1 with over 5000 known members (3) (4) (5) . The MFS, members of which are ubiquitous in all three kingdoms of life, includes many medically and pharmaceutically important transporters, such as the efflux pumps that confer resistance to antibiotics in bacteria and chemotherapeutic drugs in humans (6, 7) .
Over the years, extensive efforts have been made to understand the molecular mechanisms of these transporters by using an array of genetic, biochemical, and biophysical techniques. The advent of crystal structures of several MFS transporters (8) (9) (10) (11) has now placed functional studies of this flavor of transporter on a much firmer footing and allowed for a more rigorous analysis. One of these transporters, the sn-glycerol-3-phosphate (G3P) transporter (GlpT) in the Escherichia coli inner membrane, transports G3P into the cell via an antiport mechanism that is energized by an inorganic phosphate (P i ) gradient (12) . The crystal structure of GlpT (8) shows that it functions as a monomer composed of N-and C-terminal domains, each consisting of a compact 6 R-helical bundle and joined by a long, central, cytoplasmic loop region. The substrate translocation pore is located between the N-and C-terminal domains ( Figure 1A ). This structural information, in combination with an opus of previous biochemical, thermodynamic, and kinetic studies on both GlpT and LacY (12) (13) (14) (15) (16) (17) , and the closely related E. coli organic phosphate/inorganic phosphate antiporter, UhpT (18, 19) , have allowed us to construct a model for substrate translocation by GlpT (8, 20) (parts B and C of Figure 1 ). This single-binding site, alternating-access mechanism, which involves a rocker-switch-type movement of the N-and C-terminal domains of the protein, is dependent upon binding-site reorientation between an inward (C i ) and outward (C o ) facing conformation. The model allows the mechanism of GlpT-mediated antiport to be broken down into six discrete stages, with three stages dedicated to the binding, translocation, and release of one substrate (in this case, G3P), and the remaining three stages describing the transport of the countersubstrate, P i ( Figure 1B) . Initially, the transporter exists in an unloaded, low-energy C o con-formation, with the binding site accessible to the periplasmic side of the membrane. The first stage of the mechanism involves actual binding of substrate to yield the C o -S complex. This complex is only slightly higher in energy than the unloaded carrier, and its formation is paid for by intrinsic binding energy. From the C o -S state, the complex can move through the high-energy transition state and switch or flip into the C i -S state ( Figure 1C ). During transition, the protein undergoes gross conformational change in which the N-and C-terminal domains participate in a rocker-switch type of movement that functions to translocate the bound substrate across the membrane (8, 20) . Such global structural changes require considerable energy input, represented by the high transition-state energy level of the unloaded transporter ( Figure 1C) . The third stage of the transport process represents the release of the substrate to the cytoplasmic side of the membrane, thereby allowing access of the binding site to the countersubstrate. The process is then simply reversed for the translocation of countersubstrate from the cytoplasm to the periplasm. The whole process is enabled by the P i gradient, because the cellular concentration of P i is much greater than that in the extracellular environment (21) .
The rocker-switch model of the GlpT transporter immediately suggests two experimentally testable predictions with which its kinetic behavior should comply. (i) The activation energy barrier for its interconversion from the C o -S to the C i -S state is surmounted by the input of thermal energy from the environment via Brownian motion. The actual interconversion is rate-limiting, and specifically, its V max is temperature-dependent.
(ii) The substrate-binding affinity, K d , in contrast, is independent of the temperature.
In the present work, we investigated the viability of the rocker-switch mechanism of the GlpT function by directly testing the above two predictions. We report on transport kinetics studies using E. coli whole cells and GlpT reconstituted into proteoliposomes, in combination with substratebinding affinity studies of the transporter in detergent solution.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Plasmids. For whole-cell transport assays, E. coli strain SH1200 (glpT phoR ugpA704::Tn10) (obtained from W. Boos, University of Konstanz, Germany) served as the host to the plasmids used in this part of the study (16) . Strain SH1200 fails to transport G3P because of defects in GlpT and UgpT, the ATP-dependent G3P transporter. Plasmid pQ31 was constructed by introducing into pQE (Qiagen, Valencia, CA) a BamHI-HindIII fragment that encodes GlpT with a N-terminal polyhistidine (His6) extension (HisGlpT), placing GlpT expression under the control of the tac promoter and in the presence of lacI q . The E. coli strain and plasmid used for the overexpression of GlpT for use in reconstitution experiments and in substratebinding affinity assays are described by Auer et al. (15) .
Transport Assays Using E. coli Whole Cells. For wholecell transport assays, E. coli strain SH1200 cells were grown overnight in M63 minimum medium (22) with 0.2% glucose as the carbon source, along with antibiotics and amino acids (each 50 µg/mL) (16) . After overnight growth, cells were diluted 100-fold into the same medium and cultured at 35°C to an OD 660 of 0.4-0.8. After the cells were harvested by centrifugation, they were washed once with assay buffer (50 mM MOPS/K and 100 mM potassium chloride at pH 7.0) and then resuspended in the same buffer to an OD 660 of 1.4. For kinetics experiments, after equilibration of the whole cells to the desired temperature, substrate transport was initiated by the addition of [ 14 C]G3P (Sigma, St. Louis, MO), ranging from 6.25 to 400 µM in a final reaction volume of 110 µL (104.5 µL of cells and 5.5 µL of [ 14 C]G3P). After 2 min, 100 µL was removed for filtration using Millipore filters (0.45 µm pore size); filters were washed twice with 5 mL of assay buffer. Assays were performed at temperatures of 8, 16, 26, and 33°C. Triplicate measurements were made for each substrate concentration tested, and data shown are mean values from three independent experiments.
Purification of GlpT. GlpT was cloned and overexpressed as described by Auer et al. (15) . The protein used in alternating the access mechanism with a rocker-switch type of movement for the GlpT-mediated G3P-P i exchange reaction. The diagram describes the proposed conformational changes that the transporter undergoes during the reaction cycle. C o represents the protein in the outward-facing conformation, and C i represents the inward-facing one. The G3P substrate is represented by a small disk and triangle, and P i is represented by a small disk. (C) Schematic free-energy diagram illustrating the energy levels of the different conformations of GlpT that occur during the transport reaction cycle under physiological conditions. In the absence of substrate binding, the energy barrier (represented by a dotted line) prevents the conformational interconversion between the C o and C i states of the transporter. Substrate binding lowers the energy barrier sufficiently to allow Brownian motion (kT) to drive the conformational interconversion. S denotes the substrate.
fluorescence binding assays was purified according to the same protocol. His-tagged GlpT for reconstitution into proteoliposomes was purified using modifications of the methods described by Auer et al. (15) and Fann et al. (16) . In this case, cells were resuspended in 100 mM potassium phosphate at pH 7.0 containing 1 mM phenylmethanesulfonyl fluoride (PMSF) and protease inhibitor cocktail (Sigma) and broken by passage through a French pressure cell. After centrifugation to remove unbroken cells and large cell debris, the cell membrane was harvested by ultracentrifugation at 100000g for 2.5 h. The membrane pellet was solubilized in a buffer consisting of 100 mM potassium phosphate at pH 7.0, 400 mM NaCl, 10 mM G3P, 10 mM imidazole, 20% (v/v) glycerol, 0.2% (w/v) E. coli total lipid extract, and 1.5% (w/v) N-dodecyl--D-maltoside (DDM) (Anatrace, Maumee, OH). After centrifugation to remove any unsolubilized material, the His-tagged GlpT was purified by nickelnitrilotriacetic acid (Ni-NTA) affinity chromatography as described in the published method (15) , except that 100 mM potassium phosphate, 10 mM G3P, 0.2% (w/v) E. coli total lipid extract, and 1.5% (w/v) DDM was included in the wash and elution buffers. Purified protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and quantitated using a Micro BCA Protein Assay Kit (Pierce, Rockford, IL).
Reconstitution of GlpT. Reconstitution of GlpT into proteoliposomes was performed using modifications of the methods described by Rigaud et al. (23) and Knol et al. (24) . E. coli total lipid extract (Avanti Polar Lipids, Alabaster, AL) and egg yolk L-R-phosphatidylcholine (Sigma) were mixed in a ratio of 3:1 (w/w), dissolved in chloroform, and then dried down on ice under a stream of nitrogen. Traces of any remaining solvent were removed under vacuum. The dried lipid (20 mg) was resuspended in 1 mL of ice-cold reconstitution loading buffer (100 mM potassium phosphate at pH 7.0) and vortexed vigorously to ensure that it was completely dissolved. Unilamellar vesicles were formed by sonication of the lipid sample on ice followed by seven rounds of freezing and thawing. To ensure a uniform size distribution, the liposomes were extruded 13 times through a 400 nm polycarbonate filter using a mini-extruder apparatus (Avanti Polar Lipids). The liposomes were then diluted to 4 mg of lipid/mL with loading buffer and destabilized by the addition of DDM to 4.4 mM. The destabilized liposomes were incubated, with gentle rocking, for 2 h at 4°C and then mixed with freshly purified His-tagged GlpT at a lipid/ protein ratio of 100:1 (w/w). The protein was allowed to incorporate into the liposomes by incubation for 30 min at room temperature, followed by a further hour at 4°C, with nutation. Detergent removal was performed by the addition of Bio-Beads SM-2 (Bio-Rad, Richmond, CA), at a wet weight of 80 mg/mL of liposome suspension. After an initial 30 min of incubation at room temperature, the sample was incubated for a further 2 h at 4°C. The Bio-Beads were removed by filtration through glass silk, and a fresh 80 mg aliquot of beads was added to the sample, followed by an overnight incubation at 4°C. After another addition of fresh Bio-Beads and a final 2 h of incubation at 4°C, the proteoliposomes were isolated by centrifugation for 1 h at 180000g. The protein content of the proteoliposomes was estimated by quantitating the amount of protein remaining in the supernatant using a Micro BCA Protein Assay Kit (Pierce). The surfaces of the proteoliposome pellets were washed twice in ice-cold transport assay buffer (100 mM K 2 SO 4 and 50 mM MOPS/K at pH 7.0) prior to resuspension in the same buffer to a protein concentration of 25 µg/mL. The proteoliposomes were kept on ice until use in transport assays.
Transport Assays Using Proteoliposomes. Transport assays were performed at four different temperatures (10, 18, 28, and 37°C) . A total of 10 µL of freshly prepared, phosphateloaded proteoliposomes were diluted 10-fold with assay buffer and allowed to equilibrate to the assay temperature in a thermostatically controlled water bath. The transport was initiated by the addition of [ 3 H]G3P (American Radiolabeled Chemicals, St. Louis, MO), to concentrations covering a range from 5 to 400 µM (see the Results for exact concentrations used). The reaction was allowed to proceed for 60 s before it was terminated by harvesting the proteoliposomes on nitrocellulose filters (0.22 µm, Millipore GSWP 02500) mounted on a Hoeffer vacuum manifold and washing with two 5 mL aliquots of ice-cold assay buffer. The filters were placed in vials and incubated overnight in liquid scintillant (ScintiLene, Fisher Scientific) prior to measuring the incorporated radioactivity with a Wallac 1450 Microbeta Plus liquid scintillation counter. All experiments were performed in triplicate. After correction for background radiation, apparent kinetic constants (K m and V max ) for G3P uptake were determined by fitting the data to the Michaelis-
) using a nonlinear regression analysis available in the Enzyme Kinetics Module of SigmaPlot 10 (Systat, Richmond, CA).
Tryptophan Fluorescence-Quenching and Binding Studies. Tryptophan fluorescence-quenching experiments were performed according to the published procedure (15) , except that the emission wavelength was set to 334 nm and the GlpT protein was titrated with 0.1-15 µM sn-glycerol 3-phosphate bis(cyclohexylammonium) salt (G3P) (Sigma). Experiments were performed in triplicate at temperatures of 10, 18, 28, and 37°C. After correction for dilution, the data underwent nonlinear regression analysis using the formula y )
RESULTS

Transport ActiVity in Whole Cells.
To gain a preliminary overview of GlpT-mediated transport kinetics under physiological conditions, we first performed transport assays in E. coli whole cells. The initial rate of G3P uptake into E. coli was measured over a temperature range of 8-33°C. The transport rate showed a clear temperature dependence, with the rate increasing incrementally with the temperature (Figure 2A ). The maximal transport velocity, V max , at 8°C was 11.1 ( 3.5 nmol min -1 (mg of whole-cell membrane protein) -1 . The V max increased to 82.1 ( 6.4 nmol min -1 (mg of whole-cell membrane protein) -1 at 33°C (Table 1) . This represents a 7-8-fold increase in the transport rate over the temperature range studied. In contrast, the apparent Michaelis constant (K m ) showed no temperature dependence, with values maintained between 42.4 ( 17.5 and 50.7 ( 3.1 µM in the temperature range of 8-33°C (Table 1 ). The temperature dependence of the rate of the G3P transport was further analyzed using the Arrhenius plot ( Figure 2B ). The slope of the regression line (sArr) was used to calculate the activation energy (E a ) using the equation
. E a was determined to be 55.4 kJ mol -1 . Such activation energy corresponds to a temperature coefficient (Q 10 value) over the temperature range studied of 2.2, indicating the involvement of a large-scale conformational change in the transporter at some point during the reaction cycle.
Reconstitution of GlpT. To further investigate the effect of the temperature on the kinetics of GlpT-mediated G3P uptake, we decided to study a system that was free of interference from other protein. To this end, we reconstituted GlpT into proteoliposomes. Successful results were achieved using DDM-mediated reconstitution of partially purified (about 85-90% pure according to SDS-PAGE analysis) His-tagged GlpT into liposomes consisting of 3:1 E. coli total lipid/phosphatidylcholine. The presence of a His tag does not affect the activity of the transporter (16) . Previous experiments have demonstrated that GlpT reconstitutes into liposomes in a random orientation (15) . It is important to realize in this case, however, that the direction of transport is dictated by the driving gradient and not the orientation of the protein. Interestingly, activity was present only when the protein was purified in the presence of 100 mM KP i , 10 mM G3P, and 0.2% (w/v) E. coli lipid extract. Protein that had been stored at -20 or -80°C, even briefly, showed a significant decrease in the transport activity compared to that of freshly prepared protein. Additionally, GlpT stored at 4°C for more than 72 h also showed a lower activity (results not shown). Hence, all of our experiments were performed with freshly purified protein. The efficiency of GlpT incorporation into liposomes was estimated by the quantitation of protein remaining in the supernatant after the proteoliposomes were collected by ultracentrifugation. The efficiency of incorporation was about 60%, equivalent to about 0.25 µg of GlpT for each individual transport assay measurement.
Transport ActiVity of GlpT in Proteoliposomes. GlpT was reconstituted into liposomes preloaded with saturating concentrations of the physiological countersubstrate, KP i . This allowed for the measurement of the heterologous G3P-P i antiport reaction driven by the P i gradient and mediated via GlpT, i.e., the uptake of labeled G3P, mimicking the physiological role of the transporter. Control experiments confirmed that the proteoliposomes were tight and that no G3P was entering them via simple diffusion. To determine that G3P was indeed transported into the lumen of the proteoliposomes and not merely associated with the surface, additional control experiments were performed using liposomes without any GlpT incorporated. Only background radioactivity was associated with them (results not shown).
Initial rates of GlpT-mediated G3P transport (1 min) were plotted as a function of the external concentration of [ 3 H]-G3P for each temperature studied ( Figure 3A) . The rates clearly show saturation kinetics, as well as temperature dependence ( Figure 3A) , mirroring the trend observed in whole cells (Figure 2A ). At the lowest temperature, 10°C, the V max was 2.66 µmol min -1 (mg GlpT)
. The V max increased as the temperature was increased. The transport rate was greatest at 37°C [V max ) 9.73 µmol min -1 (mg of GlpT) -1 ], equivalent to a turnover number of about 8.6 mol of G3P (mol of GlpT) -1 s -1 (Table 2 ). This represents a 3.5-fold increase in transport velocity over the temperature range studied, about 50% of the increase that was observed in whole cells over a similar temperature range. While V max was clearly influenced by the temperature, the K m again proved to be independent of the temperatures employed in this study, with a mean value of about 200 µM ( Table 2 ).
An Arrhenius plot of the data again demonstrates the temperature dependence of the G3P transport ( Figure 3B ). The data are in general agreement with those calculated from whole-cell data and show no bi-or multiphasic behavior over the temperature range studied. Using this plot, an activation energy of 35.2 kJ mol -1 was calculated and a Q 10 value of 1.6 was obtained for the temperature range between 10 and 37°C. Although these activation energy and Q 10 values are about 37 and 27% lower, respectively, than those observed for GlpT-catalyzed G3P translocation in whole cells, they do exhibit a temperature dependence that concurs with active transport, rather than simple diffusion (Q 10 < 1.0) or flux through a channel (Q 10 < 1.5). These data lend credence to our model of secondary active transport, in which a temperature-dependent conformational change is associated with the GlpT-mediated G3P-P i antiport reaction. To test if Table 1 . The filled circles represent the means of three individual measurements. substrate binding was equally affected by the temperature, an intrinsic tryptophan fluorescence-quenching assay was performed.
Binding Affinity to G3P at Various Temperatures. The kinetic analysis described above only allows K m and V max to be measured. These values, however, do not permit a distinction to be made between transport-or dissociationlimited models. Therefore, we determined the apparent dissociation constant (K d ) values of G3P binding to GlpT in detergent solution at each temperature under study by measuring the quenching of the protein intrinsic tryptophan fluorescence upon substrate binding (15) . To minimize potential interference from contaminating protein, the GlpT used for fluorescence-quenching studies was purified to homogeneity using size-exclusion chromatography as described previously (15) . Indeed, the dissociation constants for G3P binding to GlpT at neutral pH were not influenced by temperature (Figure 4 ). Between 10 and 37°C, the K d remained between 0.71 ( 0.09 and 0.80 ( 0.17 µM, respectively ( Table 2) .
DISCUSSION
The results of our transport and binding experiments with E. coli whole cells and with GlpT in proteoliposomes and in solution are in accordance with a rocker-switch-type transport mechanism for GlpT. The GlpT-mediated transport rate not only displays substrate saturation, but also the V max increases markedly with the temperature. In complete contrast, both the apparent K m and the apparent substrate binding dissociation constant, K d , are temperature-independent.
The temperature dependence of the GlpT transport process was reflected in the temperature coefficient and activation energy values obtained from Arrhenius plots of the data. Q 10 and E a values can be used to gain a mechanistic insight of the transport process. Data from whole-cell transport assays revealed a Q 10 of 2.2 (E a of 55.4 kJ mol ). Published Q 10 values for active transporters range from 1.5 to over 10 (25-27) . Moreover, both Arrhenius plots are completely linear, suggesting that any conformational change is unaffected by the transition state of the lipid environment, as observed previously for equilibrium exchange catalyzed by a lactose permease mutant (28) and transport of glucose in E. coli (29) . Although the calculated activation energy of 35.2 kJ mol -1 for GlpT reconstituted into proteoliposomes is very similar to that of the E325A lactose permease mutant that catalyzes lactose transport without proton translocation (29) , significantly, it is only marginally greater than that observed for flow through membrane channels. The differences between the E a and Q 10 values calculated from whole-cell and proteoliposome data could be attributed to one or both of the following: (i) differences in the composition and asymmetry of the lipid environment experienced by the transporter [it has been shown previously that, for the LacY transporter, lipid composition affects coupling between lactose and proton symport (30) ] and (ii) by the fact that in whole cells the transporter exists in a unique orientation within the membrane, whereas in proteoliposomes, it is distributed evenly Arrhenius plot of the rate of the G3P transport into proteoliposomes between 10 and 37°C. The plot was generated using the natural log of the V max values presented in Table 2 . between two different orientations (15) . In the latter case, even though the P i gradient provides the net driving force and sets the vectorial nature of the transport reaction, the two different orientations of the transporter with respect to the gradient may exhibit subtly different kinetics constants. Although such a kinetic bias has been reported for the Streptococcus thermophilus LacS (24) and E. coli PutP transporters (31), the two orientations of the E. coli glucose 6-phosphate transporter (UhpT), a close homologue of GlpT, exhibit functional symmetry and kinetics with respect to physiologically relevant substrates (33) . Taken at face value, the relatively low activation energies calculated for G3P transport in both whole cells and proteoliposomes would appear to argue against a substrate translocation mechanism that involves large, global conformational changes in the transporter. However, a relatively low activation energy for a substrate translocation event involving large conformational changes can be rationalized if the transporter exists in a delicately balanced or "poised" state when the substrate is bound, requiring only a small additional energy input to effect the conformational change and substrate translocation ( Figure 1C ). Thus, under conditions of substrate saturation, the transporter is available to cycle between inward-and outward-facing conformations, binding and releasing the substrate on opposite sides of the membrane (28) .
Because conventional kinetic analysis alone (calculation of K m and V max values) cannot differentiate between a model in which conformational change is the rate-limiting step for transport and a model in which the dissociation of the substrate is rate-limiting, the ability to make a distinction between these models is crucial to verify the mechanism. To allow this distinction to be made, we measured the binding affinity of GlpT for its substrate, G3P. Although changing the temperature altered the V max of the GlpTmediated transport in both whole cells and proteoliposomes, it did not affect either the K m or the apparent affinity, K d , of GlpT for G3P. Our K d value also shows binding to be much tighter than predicted by the K m (32) . The fact that our calculated K m differs from the measured K d by over 2 orders of magnitude (about 200 versus 0.7 µM) is consistent with an interconversion from the C o -S to the C i -S state that is rate-limiting. In the absence of the substrate or even at nonsaturating concentrations, the transporter exists as a stable and segregated C i or C o state. The experimental corroboration of the two predictions made from the rocker-switch model of the GlpT transport mechanism allow us to further refine our model of the GlpT transport mechanism.
Similar to other antiporters, GlpT operates via a kinetic mechanism that breaks down the complete antiport cycle into six discrete stages ( Figure 1B) . G3P binds to the unloaded transporter in the C o state, thereby decreasing entropy and enabling intrinsic binding energy to lower the energy barrier for substrate translocation. Formation of the C o -S complex is not temperature-sensitive, because neither substrate binding nor K m are influenced by temperature. The next stage of the mechanism represents the conformational interconversion of the protein from the C o to the C i state, which is accompanied by the simultaneous translocation of substrate across the membrane ( Figure 1B ). This interconversion is the ratelimiting step of the whole transport process, as proposed for UhpT (33) . Crucially, the transport step is temperaturedependent, with an enthalpic contribution actually driving the interconversion from one conformation to the other via Brownian motion ( Figure 1C) . Therefore, GlpT-mediated translocation of the substrate across the membrane is, in essence, a catalytic mechanism that serves to increase the rate of an otherwise improbable event. The final stage involves the release of bound substrate into the cytoplasmic compartment and presentation of the binding site to the countersubstrate to allow for the antiport reaction to proceed. Under physiological conditions, such a mechanism would avoid excessively high-or low-energy intermediates along the reaction pathway, because the former would present a barrier to biologically relevant turnover rates and the latter would effectively "lock" the transporter in an energy well.
The transport rates measured in proteoliposomes are over 2 orders of magnitude larger than those measured in whole cells. This apparent discrepancy can be addressed by the fact that the latter rates were measured on the basis of total membrane protein and not on the actual amount of actiVe GlpT present in the whole-cell membrane. Because GlpT makes only a small contribution to the total membrane protein, the transport rates are vastly underestimated. The differences observed between the measured K m values for GlpT-catalyzed transport in whole cells and proteoliposomes (about 50 and 200 µM, respectively) can probably also be attributed to the intrinsic differences between the two systems under study.
Previous results for the GlpT-mediated transport of G3P in proteoliposomes published by our laboratory (15) reported transport rates that were 3-fold higher than those presented here. This inconsistency is probably due to the fact that the previous experiments used a commercially available assay kit (EnzChek, Invitrogen) that provides a spectrophotometric method for the quantitation of P i (34) . It was found subsequently that, in addition to inorganic phosphate, the kit also detected organic phosphates, such as G3P. This led to an overestimation, both of the amount of P i released and, therefore, of the GlpT-mediated transport rate. Furthermore, the affinity for G3P binding in the present work (K d of 0.7 µM) is 5-fold greater than that previously published (K d of 3.54 µM) (15) . In the current experiments, binding measurements were performed immediately using freshly purified protein, whereas the previous measurements were performed with protein that had been stored in detergent solution for several days, which may have led to a partial loss of the integrity of the transporter.
Temperature dependence of transport reaction rates has been observed before for other transporter proteins (26, 29, 34) , although the significance in many cases was not explained in terms of the transport mechanism. Electrophysiology measurements of the voltage dependence of the L-asparagine transporter in endoderm cells from Xenopus also showed that V max increased with temperature but the K m value remained unaltered (25) . The yeast mitochondrial citrate transporter, CTP, also showed a temperature dependence of transport rates (35) . However, in contrast to our observations, the latter system also showed that K m was temperaturedependent. Unlike GlpT, CTP functions as a dimer, and this may explain the apparent temperature sensitivity of K m values. Similarly, the independence of the substrate-binding affinity to temperature has also been observed beforehand in thermodynamic studies of the LacY transporter of E. coli (36) .
When these data are taken together, they are completely consistent with the rocker-switch mechanism for GlpTmediated transport. This mechanism probably involves large, global conformational changes in the transporter during the reaction cycle. Our results are also consistent with the viewpoint that membrane transporters are, essentially, vectorial enzymes (37) (38) (39) . Because the classical view of enzyme catalysis is based on a transition-state destabilization of the substrate (40) , the transition state is therefore the essential step of the transport process, linking structural changes in the protein to the translocation event (38, 41) . In the transport mechanism we propose, destabilization occurs as a global conformational change in the transporter, driven by both substrate binding (the entropic contribution, of which lowers the energy barrier) and Brownian motion (the enthalpic contribution, of which drives the conformational change). The transport event is also the rate-limiting step, because the magnitude of the protein movement is the major determinant for the rate. It must also be noted that the conformational changes that accompany translocation do not represent random free movements in a floppy structure but rather a series of programmed and precise events, probably involving mutual shifts of amino acid side chains, along with rotation, bending, and changes in inclination of transmembrane helices (8, 20) . The rocker-switch mechanism that we describe here is probably applicable to substrate translocation by other antiporters of the MFS.
